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Levels DC, 
AC

Performance 
Measurements

Variability, 
losses

Models

Modules 
- Strings

DC Can be full IV curves, 
indoor or outdoor

Minimal with 
single modules, 
mismatch in 
strings

1-diode, 
SAPM, 
LFM 
etc.

Inverter DC
Ą

AC

VMPPtracking, 
Efficiency vs Pin,
Thermal cut out, 
clipping, 
downtime etc.

Large 
Arrays

DC side 
or 
AC side

Usually just PMAX, 
sometimes IMAXand 
VMAX

Module 
mismatch,
Soiling, TMOD,
Wiring losses
Cloud variability 
across array

Empirical e.g
PVUSA, 
scaled module + 
inverter model, 
MPM etc.

Overview of measurement types and models at different levels 

Gantner Instruments (GI)  
OTF in Tempe, AZ

GI powerplant in the UK
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Model
Introduced

DC, 
AC

Parameters Pros and Cons

LFM
Loss Factors 
Model

(2011 26th 
Hamburg 
PVSEC)

DC Derives 6 
normalised IV curve 
parameters and 2 
curvature checks

XOptimised model for 
good IV traces. 

WCannot derive RSC, ROC

from poor IV curves

MPM
Mechanistic 
Performance 
Model
(2017 7th

PVPMC 
Canobbio)

DC 
side 
or 
AC 
side

Derives 5 
normalised  PRDC

parameters

XOptimised model for 
PRDC for indoor matrix, 
outdoor data 

WOnly derives PRDC

Comparison of two different models used by GI/SRCL
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Model
introduced

DC, 
AC

Parameters Pros and Cons Enhancements

LFM
Loss Factors 
Model

(2011 26th 
Hamburg 
PVSEC)

DC Derives 6 
normalised IV curve 
parameters and 2 
curvature checks

XOptimised model for 
good IV traces. 

WCannot derive RSC, ROC

from poor IV curves

Simplify LFM parameters to work 
with lower quality IV curves and 
also just Imp and Vmpvalues

XOverlap !

MPM
Mechanistic 
Performance 
Model
(2017 7th

PVPMC 
Canobbio)

DC 
side 
or 
AC 
side

Derives 5 
normalised  PRDC

parameters

XOptimised model for 
PRDC for indoor matrix, 
outdoor data 

WOnly derives PRDC

Generalise MPM equations to 
work with LFM like parameters 
e.g. nISC, nRSCΣ Χ ƴ±OC

Comparison of two different models used by GI/SRCL
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Are CoefficientsΧ XLFM and MPM WEmpirical models

Meaningful
(depend on physical effects)

Yese.g.  
Å PACTUAL/PNAMEPLATE= P Tolerance
Å 1/P * dP/dTMODULE= Temp Coeff ɹ
Å nVOC= measVOC/ refVOCetc.

No not dependent on real behaviour 
e.g.  X1, X2

TMOD* TAMBIENT

TMOD* LOG(GI)
2

Orthogonal
(independent of each other)

Yes
Allow for a unique fit.

No
¦ƴƛǉǳŜ Ŧƛǘǎ ŀǊŜƴΩǘ ǇƻǎǎƛōƭŜ.

Robust
(can fit data with noise)

Yes
Fits sensibly without being perturbed 

No
non realistic predictions 
e.g. spikes and/or non linearity

Normalised
(divide by reference values)

Yes
parameters can be compared and 
validated more easily
e.g. nVOC= VOC.MEAS/VOC.NOMINALmay be 
95% module Ą string

No
hard to see what is good behaviour at 
different levels 
e.g. VOC=30V module, VOC=600V string
What about MPPT limits?

Suggested rules for optimised performance modellingas used in LFM and MPM
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ÅThe[ƻǎǎ CŀŎǘƻǊǎ aƻŘŜƭ ά[Caέprovides a  powerful  analysis of 
indoor or outdoor IV curves 

PRDC= nISC*nRSC* nIMP * nVMP * nROC* nVOC

ÅTwo other parameters nICand nVCshow the deviation from 
expected I@VMP/2 and V@IMP/2 and give measured values 
indicating amounts of cell current mismatch and roll over 
respectively

Overview of The Loss Factors Model (LFM)

E.g[Stein et al 28th PVSEC Paris 2013] for comparison with 1-diode and SAPM

LFM

Characterise a 
module vs. 
GI, Tmod etc.

Predict 
performance 
vs. time and 
weather

LFM can easily 
find any 
discrepancies, 
degradation, poor 
measurements 
etc
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What are the main PV performance vs. weather dependencies ?

1. IMAX´GI Module STC rating actual/nominal W

2. PMAX (́1+ɹ *(TMOD-25)) tƻǿŜǊ ǘŜƳǇŜǊŀǘǳǊŜ ŎƻŜŦŦƛŎƛŜƴǘ άέɹ

3. VMAX ĺog( GI ) From diode equation

4. ɲPMAX ÍMAX
2 * RSERIES I2.RS loss

5. TMOD ~ TAMBςfn(Windspeed) NMOT Thermal rise

6. RSHUNTvs. GI (depends on technology) ςbehaves like 3.VMAX

Mechanistic Performance Model only uses these dependencies !

PRDC= C1 + C2*(TMOD-25) + C3*Log10(GI)+ C4*GI + C5*WS

PACTUAL Temperature      Voc       R SERIES NOCT   

Å dTMOD= (TMODς25)

Å GI = plane of array irradiance (kW/m2)

Å WS= wind speed (ms-1)
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Testing Robustness: Empirical models can have poor fits to noisy data 

[7th PVPMC Mar 2017 Canobbio CH][44th PVSC Jun 2017 Washington DC US],[PVSEC-27 Nov 2017 Shiga JAP]

Empirical model A

Empirical model D

Mechanistic model 

All models can fit 
smooth data well

WEmpirical models can be affected 
by random scattered points and give 
non physical fits

Added noise to mimic real 
measurements and test 
robustness

XMechanistic models can be 
unaffected by random scattered 
points and still gives physical fit

PRDC(y) vs GI (x) and 
TMOD(coloured lines)
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Mechanistic Performance Model fits IEC 61853 Matrices well from all data sources tested

(Please send us any more for confidential comparisons or to be included here !)

PRDC(y) vs GI (x) and 
TMOD(coloured lines)
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Why mechanistic model coefficient values are more useful than from empirical models

Compare fits vs. technology  cSi aSi CdTe [SUPSI data]

C1=PMAX tolerance C2=Realistic PMAX Temperature coefficient (TF < c-Si)

MPM Mechanistic model with 4 parameters 
Å Meaningful values of all coefficients 

= more robust fitting

Å Better average rms fit

Empirical model with 5 parameters
Å no meaningful pattern to coefficients 
Å large variability
Å self compensation (e.g. C1 vs. C2 )
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Checking smoothness and quality of IV data quality 

²ƛǘƘ έƴƻǊƳŀƭƛǎŜŘ wŜǎƛǎǘŀƴŎŜ ǾǎΦ ±ƻƭǘŀƎŜέ όnRV) curves shown on log scale

Smooth IV data is needed to extract precise 
values particularly for RSC.

Analysing nRVdata can show if limited 
precision, errors, drift, scatter exist

IV curve

Log (nRn) vs. V and (G,Tmod), CdTe modules 

Gantner(L) much smoother ISCthan NREL Daystar (R)

ISC, RSC

VOC, ROC

nRVNeeds to be 
smooth near V=0
for Isc,Rsc

RV Needs to be 
smooth only when 
V<Voc

ISC, RSC

ISC, RSC

VOC, ROC
VOC, ROC

nRn = -ɲV/ɲI / (RMP.STC)

RMP.STC= 
VMP.STC/I MP.STC

Gantner CdTe
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ÅNormalised IV curve
(IMEAS/ISC.STC/GI vs. VMEAS/VOC.STC) shows 
steps (* ) between ISCand IMP indicative 
of cell current mismatch due to broken 
cells, variability or shading 

ÅDerivation of nRVcurvesquantify and 
qualify the three steps 
(minima in nRVcurve)

ÅSteps are also apparent in PV curve

ÅAs nRVis normalised value should be ~1 
at IMP on a perfect (stepless) curve

Advanced analysis of IV curves using nRVvalues

* * *
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cSiand Thin Filmnormalised IV curves Imeas/ Isc.stcvs. Vmeas/Voc.stc

MID DAY 14:14 
HIGH IRRADIANCE 1.0kW/m2

FF : High
nRv: Smooth low>10

MID DAY 15:03 
LOW IRRADIANCE 0.2kW/m2

FF : High
nRv: Smooth low>10

MORNING 09:32
MID IRRADIANCE 0.6kW/m2

FF : Lower c-Si
nRv: 3 Steps low<10 * * *

*

* *

cSi Thin Film

Å Accurate IV data such 
ŀǎ DLΩǎ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ 
determine steps from 
shading and mismatch

Å Each step has its own 
dip

Å Rule of thumb: 
if a dip is below 10 it is 
noticeable

nRn = -ɲV/ɲI * Rmp.stc
(should be 1 at Vmp for 
ŀ άǇŜǊŦŜŎǘέ L± ŎǳǊǾŜύ


